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Abstract: Joining is a crucial process for the production of complex-shaped advanced engineering
materials. Deep understanding of ceramic–metal interfaces during joining or following heat-treatment
steps is therefore of important concern in designing the new systems. Capacitor discharge joining
(CDJ) method was firstly carried out to compose the ceramic–metal joint material by silicon nitride
(Si3N4)–titanium (Ti) constituents. Afterwards, heat treatment was performed on the Si3N4−Ti joints in
air atmosphere at 1000 ℃ temperature to reveal the interface reactions and phases. Reaction layer
that occurred between the Si3N4 and Ti interfaces and new phase formations were examined by
transmission electron microscopy (TEM)-based various imaging and chemical analysis techniques.
Electron transparent samples for TEM characterization were prepared by focused ion beam (FIB)
milling and lifting method. Based on the detailed TEM results, Si and N diffusion arising from the
Si3N4 ceramic was observed towards Ti metal foil side and further interacted with Ti atoms. The
upshot of current diffusion was that Ti3N2 reaction layer with 50 nm thickness was formed at the
interface while titanium silicon nitride (Ti6Si3N) matrix phase including dendritic-shaped Ti2N grains
occurred in the Ti interlayer. It is believed that our TEM-based microscopy results not only provide
the knowledge on ceramic–metal joint materials by CDJ method, but also contribute new insights on
the development of various new joint systems.
Keywords: capacitor discharge joining (CDJ); Si3N4; Ti; transmission electron microscopy (TEM)

1

Introduction

Silicon nitride ceramics (Si3N4) are mostly used in
high-temperature structure and wear-resistant components combined with metallic materials in many
* Corresponding author.
E-mail: sturan@eskisehir.edu.tr

different areas, such as automotive, aircraft, aerospace,
and electronic industries, and also used as cutting tools
for machining application [1–3]. On the other hand,
titanium (Ti) and its alloys have been crucial materials
for aerospace, nuclear, and chemical industries for their
excellent chemical properties [4–6]. Considering these
advantages and practical needs for Si3N4 and Ti
materials in industry, reliable joining techniques have
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to be utilized since Si3N4 has some difficulty for
machining and producing complex shape [7]. For
instance, while Si3N4 ceramics have excellent thermal,
oxidation, and creep resistance, metallic material can
be used as an interlayer to compensate stress or
temperature gradient of structures and moving parts [8].
However, some factors such as differences in thermal
expansion coefficient between ceramic and metal,
bonding time, and resulting reaction products can
directly affect the mechanical properties of joints
depending on the chosen technique parameters and
properties of the filler materials [9,10].
Based on the joining type, to obtain desirable
chemical and mechanical properties, different interlayer
materials have been used for different ceramics. The
most comprehensively utilized alloys as an interlayer
in Si3N4-based ceramics are mostly combining with Cu,
Ag, Ni, Nb, Ta, Zr, Hf, Pd, V, Fe, Co, and Ti. For
instance, Ag–Cu eutectic alloys containing Ti have
been used very widely so far since strong wetting,
spreading, and bonding effects of active Ti metal on
the ceramic surfaces can be achieved [11,12]. On the
other hand, a number of studies have examined and
calculated Si3N4–Ti, Ti–Si, Ti–N, and Ti–Si–N systems
using different techniques such as diffusion bonding
[13,14], ultrasonic brazing [15–17], in situ synthesis
method [18], diffusion couples [19,20], and thermodynamic programs [21–23]. Especially, ultrasonic
brazing technique has attracted significant attention
recently, since it enables the bonding of dissimilar
materials at low cost and in fast bonding time [15–17].
Nevertheless, especially main joining process
techniques such as diffusion bonding, active metal
brazing, and liquid phase bonding generally take long
time, so it can alter the properties of the ceramic [24].
However, the capacitor discharge joining (CDJ)
method [24–28] delivers a chance to investigate the
preliminary reactions and phase formations. It is because
CDJ is a very speedy technique and no necessity for a
special atmosphere or heating.
The purpose and motivation of present research is
mainly to apply a heat treatment process at 1000 ℃ in
air atmosphere on a ceramic–metal joint material
consisted of Si3N4–Ti phases through CDJ method.
Afterwards, the occurrences and transformations of newly
formed phases based on the applied heat treatment
route are to reveal in the complete reaction mechanisms
by using novel transmission electron microscopy (TEM)based different imaging and analytical techniques.

2

Materials and methods

The schematic representation of the CDJ technique is
shown in Fig. 1. In this CDJ method, the Ti foil was
positioned between Si3N4 parts and connected to a
capacitor with the copper (Cu) electrodes. After the
charging of the capacitor to 7 kV, the stored electricity
was suddenly discharged, and hence the energy was
used to melt the foil. At the same time, the 1000 kg
compressive pressure was approximately applied to the
sandwiched sample. The joining was completed in few
micro seconds [28].
To understand the nature of chemical reactions that
can occur at the interfaces and to compare with the
as-received samples which were produced in our
previous study [25], heat treatment process was carried
out at 1000 ℃. This temperature was selected since
during the dry cutting process, temperature of ceramic
cutting tool edge was roughly increased to 1000 ℃
due to friction. As a result of this heat affect, undesirable
reaction products may occur so that these products can
be examined with electron microscopy techniques via
heat treatment to resemble machining.
To get accurate and precise results from TEM
characterization, electron transparent samples were
prepared by focused ion beam (FIB) milling and lifting
method using the FEI-Nova NanoLab 600 DualBeamTM
instrument. Herein, a special region from the interface
in heat-treated sample was intentionally chosen. Then,
a thin platinum (Pt) layer was coated onto this region
to protect the specimen. Afterwards, ion milling was
started to further thin the selected part of interface by
gallium (Ga) ion bombardment for both faces of Pt
layer. Following, a microprobe was used to lift out the
sliced region and attached to Cu TEM grid for end
milling part of process. Finally, the sample was ready
to be examined by TEM analysis in dimensions of 10 μm
length, 5 μm width, and 50 nm thickness.
TEM analyses were performed by a field emission
gun (FEG) microscope (JEOL 2100F attached with Gatan

Fig. 1 Schematic representation of the capacitor discharge
technique.
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GIF Tridiem STEMPack energy filter and scanning
(S)TEM detectors-bright field (BF), annular dark filed
(ADF), and Fischione high angle annular dark field
(HAADF) under the 200 kV accelerating voltage. Here,
electron energy loss spectroscopy (EELS) in STEM
mode, spectrum imaging (SI) in both STEM and
energy filtering (EF) TEM mode, and EFTEM
3-window elemental mapping analyses were performed.
In EELS analysis, 1–2 nm electron spot and 30–40 s
acquisition time were chosen to acquire the high signal
to noise ratio (S/N). Also, 9.2 and 15.7 mrad values
were respectively determined for convergence and
collection semi angles. Moreover, in EFTEM–SI and
EELS–SI analyses, beam and image drift artifacts were
controlled and removed by a corrector that plugged in
Gatan DigitalMicrographTM software. 0.2 and 0.5 eV/
channels for energy filtering spectrometer dispersions
were also selected to obtain high S/N. Background
removal process for both acquired and reference EELS
spectra were carried out based on the powerlaw.

3

Results

To determine exact chemical composition of reaction
products and to further understand the elemental
changing by heat-treatment in the Si3N4–Ti ceramic–
metal joint material, TEM-based imaging and chemical
characterizations were performed (Figs. 2–7). STEM–
HAADF (Figs. 2(a), 2(c), and 2(e)), zero loss images
of FIBed (Fig. 2(b)), and BF (Figs. 2(d)–2(f)) images of
Si3N4–Ti joints were given for different magnification
values in Fig. 2. Based on the atomic number (Z)–
contrast–HAADF images, the effect of heat treatment
was clearly seen within Ti interlayer and ceramic–
metal interface (Figs. 2(c)–2(e)). Some of the white–grey
contrast for dendritic-shaped phases and dark contrast
with spherical phases that have fewer atomic numbers
than Ti was seen at the interlayer. Also, reaction layer
(RL) was detected in Si3N4–Ti interface with around
50 nm continuous thickness. Higher magnification of
this RL (which is shown by rectangular in Figs. 2(c)
and 2(d)) was given for both HAADF and BF
techniques (Figs. 2(e) and 2(f)). Based on Z contrast
STEM–HAADF image in Figs. 2(c)–2(e), some parts of
the formations and dendrites show the variable contrast
from white to grey due to Z differences of phases,
whereas the same regions can be discerned in opposite
contrast in STEM–BF image that was governed by

Fig. 2 (a, c, e) STEM−HAADF images of HT and FIBed
Si3N4−Ti sample, (b) zero loss images of FIBed Si3N4−Ti
joints, and (d, f) BF images of Si3N4–Ti joints.

diffraction contributions of equal phases (Figs. 2(d)–
2(f)). Thus, new phase formations were detected by
using unique contrast mechanism techniques.
To explore the chemical contents of resulting phases
after heat-treatment, energy filtering and EELS-based
SI analyses were carried out (Figs. 3–7). Due to the
fact that joining and heat-treatment processes were
conducted in air atmospheric conditions, Si3N4–Ti
systems were comprised of just Si, N, and Ti elements,
the major EELS L2,3 (Si: 99 eV and Ti: 456 eV) and K
(N: 401 eV and O: 532 eV) edges were used to view
the corresponding elements in EFTEM 3-window
analysis (Figs. 3(a)–3(d)). Considering the EFTEM
maps, Si and N diffusion towards Ti foil side was
detected. Here, effect of heat treatment on the
enhancing of diffusion rate in both Si and N elements
was obviously seen when compared to our former
research [25]. Similar to TEM and STEM images (Fig.
2), the new dendritic phases can be also chemically
observed in EFTEM maps (Figs. 3(a)–3(d)). From
these maps, it was concluded that N and Si elements
appeared in the chemical compositions of these newly
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Fig. 3
(a) Zero loss image (20 eV), (b) Si–L2,3, (c) N–K, and (d) Ti–L2,3 EFTEM 3-window element maps showing different phase
occurrence at HT Si3N4–Ti interface.

Fig. 4 (a) EFTEM−SI spectrum image (50–650 eV), (b, c) atomic quantity of Ti and N from point 1 (marked with red), (d, e)
atomic quantity of Ti and N from point 2 (marked with green), and (f−h) atomic quantity of Ti, Si, and N from point 3 (marked
with yellow) in (a).

Fig. 5 (a, c) STEM−HAADF quantitative mapping for heat treated Si3N4–Ti sample, (b) Ti/N relative composition given by
quantitative line analysis along the green line between A and B corresponding to Ti2N phase, and (d) Ti/N relative composition
given by quantitative line analysis along the green line between A and B corresponding to Ti3N2 phase.
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Fig. 6 (a) STEM−HAADF image showing where spectrum image area was acquired from (b) spectrum image;
STEM−SI−EELS elemental mapping of (c) Si–L2,3, (d) Ti–L3,2, (e) O–K, and (f) N–K edges.

Fig. 7 (a) STEM−SI spectrum image, (b) STEM−SI−EELS quantitative elemental line scan spectrum obtained by N–K and
Ti–L2,3 edges along the dashed white line, (c, d) atomic quantity of Ti and N from point 1 corresponding to Ti3N2 phase (marked
with black), and (e, f) atomic quantity of Ti and N from point 2 along to dashed line corresponding to Ti2N phase (marked with
black).

formed phases, but their stoichiometry of these phases
can be generally considered as TixNy and TixSiy. Figure
3(c) shows the N distribution in the Ti interlayer as a
dendritic form, while Si was distributed around this
dendritic phase in the rest of the interlayer.
To further identify and quantify the phase content of

occurred phases within the ceramic–metal joint material
by CDJ method following the heat-treatment, SI analysis
in EFTEM mode was conducted (Fig. 4). Herein, parallel
energy planes in the 50–650 eV range were firstly
acquired to construct the EFTEM–SI data cube
including major L2,3 and K edges of Si, Ti, and N
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elements. Then, quantitative maps from the Si–L2,3,
N–K, and Ti–L2,3 edges in SI data cube were extracted.
Furthermore, the precise chemical composition of any
desired region on the SI image can be quantitatively
calculated. For new phase formations here, the atomic
percentages for Ti and N elements in the intentionally
selected points 1 and 2 (red and white, respectively)
were determined and given in Figs. 4(b)–4(e). Based
on the data (Figs. 4(b)–4(e)), the chemical contents of
1 and 2 points in at% were calculated as 60Ti–40N and
72Ti–36N, respectively. These findings reveal that the
RL (point 1) was in Ti3N2 composition while the
dendritically occurred phases in Ti foil side (point 2)
were in Ti2N composition. This phase (Ti2N) was also
observed in previous studies; however, there was no
data in terms of the morphology of the phase [29–31]
exception of Lenguaer’s report [19], which expressed
that Ti2N phase was clearly formed by an acicular form.
Furthermore, the chemical composition of 3 point
(marked with white color) in at% was calculated as
60Ti–30Si–15N (Figs. 4(f)–4(h)). These results show
that dendritic Ti2N phases were surrounded by Ti6Si3N
phases. More interestingly, we found that Ti diffused
by interlayer to Si3N4 ceramic side by means of grain
boundaries (marked with red arrows in Fig. 4(a)).
To confirm the obtained quantitative SI analyses
results that acquired in EFTEM mode (Fig. 4), advance
similar SI analyses in STEM mode were also carried
out in Figs. 5–7. First line scan EELS analysis extracted
from STEM–SI data exhibited that dendritic-shape
phase was Ti2N by averaging the data (70Ti–30N, at%)
and the RL with around 50 nm thickness was Ti3N2
(60Ti–40N, at%) across the green-line between A and
B points (Fig. 5). At this point, we point out that Ti
interlayer accepted to Si and N elements by diffusion
route to be formed the dendritic-shape Ti2N phases.
Moreover, Ti2N was enclosed by Si rich as well as N
bearing Ti60Si30N15 phase (approximately Ti6Si3N).
Figures 6 and 7 show the EELS elemental maps and
EELS quantitative line scan analyses extracted from
the SI data cube that acquired in STEM mode,
respectively. The atomic percentages of Ti and N were
quantitatively determined by interaction and RL phases.
Here, the chemical composition of point 1 (showed
with black color) in at% was identified as 60Ti–40N
(Figs. 7(c) and 7(d)) corresponding to Ti3N2 interaction
phase, and white-dashed line marked with point 2 was
72Ti–36N (Figs. 7(e) and 7(f)), which equals to Ti2N
composition for RL phase. Therefore, we clearly state

that these EELS results obtained by SI data in STEM
mode support their counterparts acquired in EFTEM
mode (Fig. 4). Please note that possible Ti6Si3N phase
cannot be counted by SI analysis in STEM mode
owing to high intense nano-size converged electron
probe in low-loss EELS region.

4

Discussion

Due to the fact that Ti shows high affinity for both N
and Si as an active element, it is generally considered
as main nitride and silicate former constituent. Thus, it
is likely to form new phases such as TixNy and TixSiy
for Si3N4–Ti system. Figures 6(c)–6(f) indicate the
EELS maps extracted from SI data cube in mode for
Si–L2,3, Ti–L2,3, O–K, and N–K energy losses, respectively.
Recalling these results, elemental diffusion between
Si3N4 and Ti is clearly visible for both sides of the joint.
For instance, N and Si diffusion were detected in the
whole Ti interlayer; meanwhile, Ti diffusion towards
the ceramic side was determined. Prominently, O2 was
also concentrated at grain boundaries of Si3N4.
In general, there seems to be some evidence to
indicate that diffusion rate was increased as a result of
heat treatment, so possible phases were formed by
severe chemical interaction at the interface and whole
interlayer. Therefore, phase sequence of the system can
be predictable according to Gibbs free energy values,
activation, and ionization energy of the elements.
Principally, several chemical reactions can take
place when Si3N4 and Ti foils are joined:
Si3N4 + Ti = TixNy + Si(s)

(1)

Si + Ti = TixSiy

(2)

(3)
Si3N4 + Ti = TixSiyNz
According to Refs. [18,29,31–33], even though Ti2N
and Ti5Si3N phases were reported by a number of
researchers, the thermodynamics of these phases were
not well-documented. Nevertheless, Ma et al. [21] and
Sambasivan and Petuskey [23] reported Gibbs free
energies of Ti–Si–N. In addition, the phase equilibrium
systems of Ti–Si, Si–N, and Ti–N were studied
[21,23,34,35]. These studies express that the formation
of reactions among Ti, Si, and N can be given as
following Eqs. (4)–(12) [18,36,37]:
1/9Si3N4 + Ti = 4/9TiN + 1/9Ti5Si3
ΔG°1400 ℃ = –140 kJ/mol [18]
1/5Si3N4 + Ti = 1/5Ti5Si3(s) + 2/5N2(g)
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ΔG°1044 ℃ = –56.19 kJ [36]

(5)

1/9Si3N4 + Ti = 4/9TiN + 1/9Ti5Si3
ΔG°1044 ℃ = –126.15 kJ [36]

(6)

1/4Si3N4+ Ti = TiN + 3/4Si
ΔG°1044 ℃= –136.46 kJ [36]

(7)

2/3Si3N4 + Ti = TiSi2 + 4/3N2
ΔG°1044 ℃ = +43.56 kJ [36]

(8)

Ti + 2Si = TiSi2
ΔG°1044 ℃ = –162.13 kJ [36]

(9)

Ti + 1/9Si3N4 = 4/9TiN + 1/9Ti5Si3
ΔG°1100 ℃ = −127.49 kJ/mol [37]

(10)

Ti + 1/5Si3N4 = 1/5Ti5Si3 + 2/5N2(g)
ΔG°1100 ℃ = −62.75 kJ/mol [37]

(11)

Ti + 1/4Si3N4 = TiN+ 3/4Si
ΔG°1100 ℃ = −135.39 kJ/mol [37]
(12)
In addition, the driving force of Ti2N and Ti5Si3N was
reported by Ma et al. [21] as –0.681 and –0.0421 J/mol
at 1100 ℃, respectively. On the other hand, Gibbs free
energy of Ti5Si3 was g vi en by ΔGo= –194, 140+
16.74T (J/mol) (T is the temperature) [37]. These
results show that Ti2N, Ti5Si3, and Ti5Si3N phase
formations were possible. According to Singh et al. [36],
TiSi2 (Eq. (8)) formation was not possible, because
Gibbs free energy was positive (ΔG°1400 ℃ = +43.56
kJ), even though free energy of TiSi2 (Eq. (9)) was
negative (ΔG°1400 ℃ = –162.13 kJ), it was still not
expected to occur due to the lack of Si (Eq. (8)).
Conversely, for reactions (4–6,10,11), Ti5Si3 phase
formation was most favorable because of the negative
value of free energy of formation, respectively
(ΔG°1400 ℃ = –140 kJ/mol, ΔG°1400 ℃ = –56.19 kJ,
ΔG°1400 ℃ = –126.15 kJ, ΔG°1400 ℃ = –127.49 kJ/mol,
and ΔG°1100 ℃ = −62.75 kJ/mol). On the other hand,
TiN formation was likely to be occurred since ΔGo was
negative for reactions (4,6,7,10,12) [18,36,37].
Regarding Ti5Si3 and TiN, reaction (Eq. (4)) was more
favorable than others as Huang et al. [18] were
reported. Liu et al. [38] stated similar results for
brazing ceramic using with Cu–Pd–Ti foil at 1150 ℃.
The RL in TiN composition was formed. It is because
lower free energy formation for TiN was –407.2
kJ/mol than that of Si3N4 and Ti5Si3, which were –137.8
and –173 kJ/mol, respectively. On the other hand, Zhang
et al. [39] reported that the Gibbs free energies of TiN
and Ti5Si3 at 950 ℃ were –564 and –173 kJ/mol,

respectively. Furthermore, Shimoo et al. [40]
investigated the Ti–N system under nitrogen and argon
atmosphere, and they found that TiN and Ti2N phases
occurred below 800 ℃, whereas TiN, Ti2N, and Ti5Si3
phases were observed below 1050 ℃.
Similar to our former research [25], after heat
treatment at 1000 ℃, we also observed nearly uniform
phase structures like performed previous studies [18,
19,36–40]. However, it can be explained that primary
microstructure was consisted of Ti3N2 reaction layer
with 50 nm thickness at the interface, dendritic shape
Ti2N phase instead of Ti3N formation along the whole
Ti interlayer and Si rich TixSiyN phases. Now, what we
know about the formation of Ti2N from Ti3N is clearly
based on the heat effect. Nevertheless, there is still no
clear explanation on the fact that why change of roundshaped morphology of Ti3N phase to dendritic Ti2N
phase took place during the heat treatment. On the
other hand, as a result of decomposition of Si3N4, Si
and N atoms diffused towards the interlayer and reacted
with Ti interlayer. However, N atoms might be raised
due to the furnace conditions. It was because that heat
treatment was performed in air at 1000 ℃.
In principle, there are several possible diffusion
paths or reaction mechanism:
Firstly, it was stated that composition and Ti3N2
reaction layer thickness evolved in interface did not
change after heat treatment. This means that observed
reaction layer was stable at around 1000 ℃. This can
also be explained by the passing of high-energy pulse
through the interlayer which may increase the
temperature around the melting point of Ti, thus the
active liquid Ti and N react rapidly at the ceramic
interface [22]. In addition, since joining is completed
in micro seconds, very thin Ti3N2 reaction layer might
be attributed to this very short process time. As can be
clearly seen according to Figs. 2(c)–2(e), liquid Ti
attacked to the ceramic side to form Ti3N2 reaction
layer and free Si (Eq. (13)). Lemus et al. [14] argued
that the interface phase was TiN between Si3N4 and Ti,
but Maeda et al. [13] suggested that the observed
phase was Ti5Si3 rather than TixNy. However, as a result
of Ti3N phase transformation to Ti2N (Eq. (14)) phase
under the heat effect, released free Ti and Si atoms
would react and form Ti6Si3N phases which are
isolating the dentritic shape Ti2N phases. Sambasivan
and Petuskey [23] reported that with increasing N
activity, α-Ti altered to β-Ti which transforms the Ti2N
to TiNx. Ti3N2 reaction layer that formed earlier acts as
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a barrier to block further reactions between Si3N4 and
Ti interlayers. Under these circumstances, it is assumed
that first free Si atoms diffused towards Ti interlayer as
a result of rapid decomposition of Si3N4 to form
Ti6Si3N phases since the activation energy for the
diffusion of Si in Ti was faster than N in Ti [14]. Thus,
Si atoms were reacted with Ti at the interlayer, and
then Ti2N was formed and isolated by new Ti5Si3N
phases. This fact indicates that Ti3N2/Ti6Si3N–Ti2N
phase sequence is expected to occur in this condition.
Ref. [21] indicating that N solubility in Ti5Si3 was 11
at%, it is most likely that formation of Ti6Si3N phase
could occur since driving force for this reaction and/or
diffusion was very low [20]. After, Ti6Si3N phase
reaches to stable state, the Ti3N2 reaction layer possibly
occurs after the reaction between Ti and N.
Alternatively but less likely, Ti5Si3/Ti6Si3N–Ti3N2
phase sequence can occur. Conversely, Lengauer et al.
[41] reported that isothermal diffusion couple with the
phase sequence was Ti(N)/Ti3N2–x/Ti2N/TiNy–x for
Ti–N systems.
Another but less likely possibility is Ti2N phase that
may be generated by Ti3N2 phase dissociation (Eqs. (15)
and (16)) or reaction between the Ti3N2 and Ti in the Ti
metal foil side of the joint (Eq. (17)). Additionally,
Ti6Si3N phase evolution may be achieved by the
possible reaction taking place between the Ti2N and Si
constituents (Eq. (18)).
Therefore, below reactions for the development of
related phases can be proposed:

5

A heat treatment process on a ceramic–metal joint
material consisted of Si3N4–Ti phases through CDJ
method was applied in air atmosphere at 1000℃.
Electron transparent samples from heat-treated
Si3N4–Ti ceramic–metal joint material for advanced
TEM-based analysis, e.g., SI, EFTEM, EELS, and
STEM, were prepared by FIB method. Based on the
detailed TEM results, Si and N diffusion arising from
the Si3N4 ceramic was observed towards Ti metal foil
side and further interacted with Ti atoms. Ti3N2
reaction layer with 50 nm thickness were formed at the
interface while Ti6Si3N matrix phase including dendriticshaped Ti2N grains occurred in the Ti interlayer. It is
believed that our TEM-based microscopy results not
only provide the knowledge on ceramic–metal joint
materials by CDJ method, but also contribute new
insights on the development of various new joint systems.
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